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In Brief
Gu et al. used high-throughput screening to identify NACHO, a unique mediator of a7 nACh receptor assembly, biogenesis, and membrane insertion. Complete absence of functional a7 receptors in NACHO knockout mice establishes the essential role for this novel mechanism.
INTRODUCTION
Nicotinic acetylcholine receptors are ligand-gated ion channels that mediate diverse physiological responses including pain processing and cognitive functions (Gotti and Clementi, 2004; Hogg et al., 2003; Le Novè re et al., 2002; Lindstrom, 1997; Picciotto, 2003; Role and Berg, 1996) . The a7 subtype is especially important, as this receptor not only participates in learning and memory (Gotti and Clementi, 2004; Hogg et al., 2003; Le Novè re et al., 2002; Lindstrom, 1997; Picciotto, 2003; Role and Berg, 1996) , but also underlies a cholinergic anti-inflammatory pathway relevant to autoimmune disorders (Wang et al., 2003) and stimulates cell proliferation and angiogenesis in lung and pancreatic cancers (Schuller, 2009) . Upregulation of nAChRs represents a therapeutic goal and likely contributes to the pharmacology (Lester et al., 2009; Schwartz and Kellar, 1983 ) of cholinergic medicines in Alzheimer's disease and schizophrenia (Dineley et al., 2015; Hurst et al., 2013) . Achieving this goal requires elucidation of fundamental mechanisms that control nAChR biogenesis.
Nicotinic AChRs are members of the Cys-loop receptor family that include glycine, GABA-A, and 5-HT 3 receptors, which all contain five subunits arranged in a ring surrounding the ion channel pore (Gotti and Clementi, 2004; Hogg et al., 2003; Le Novè re et al., 2002; Lindstrom, 1997) . Assembly of nAChRs is a slow and tightly regulated process (Green and Millar, 1995) in which subunits first undergo a series of post-translational modifications followed by subunit-subunit interactions to form functional pentamers. Several general protein chaperones including BiP, ERp57, and calnexin modulate the trafficking and maturation of nAChRs (reviewed in Colombo et al., 2013) . These ERresident proteins modulate biogenesis of numerous transmembrane proteins, and their precise roles in assembly of nAChR remain uncertain.
Alpha7 nACh receptors are calcium-permeable homo-pentamers (Gotti and Clementi, 2004; Hogg et al., 2003; Le Novè re et al., 2002; Lindstrom, 1997; Picciotto, 2003; Role and Berg, 1996) , and they do not properly oligomerize or functionally express in almost all cell lines (Cooper and Millar, 1997; Kassner and Berg, 1997; Koperniak et al., 2013; Kuryatov et al., 2013) . In C. elegans, resistance to inhibitors of cholinesterase-3 (Ric-3) is required for nAChR activity (Nguyen et al., 1995) . Whereas the mammalian Ric-3 homolog modestly increases a7 activity and has diverse effects on other co-expressed nACh and 5-HT 3 receptors (Halevi et al., 2003; Millar, 2008) , it is neither necessary (Koperniak et al., 2013) nor sufficient (Kuryatov et al., 2013) for efficient assembly of mammalian a7 receptors. Although some neurotransmitter receptors have auxiliary subunits that control receptor trafficking and channel gating (Jackson and Nicoll, 2011; Tomita and Castillo, 2012) , no essential assembly proteins have previously been identified for a mammalian neurotransmitter receptor.
RESULTS

High-Throughput Screening Identifies NACHO as a Mediator of a7 Functional Expression
To identify novel regulators of nAChR assembly and function, we utilized human embryonic kidney 293T (HEK) cells for highthroughput screening. In HEK cells transfected with a7 alone, ACh-evoked calcium influx, quantified with a fluorescence imaging plate reader (FLIPR), was undetectable, and application of ACh + the a7 potentiator PNU-120596 (Hurst et al., 2005) produced a small calcium signal ( Figure S1A ). For FLIPR screening in a 384-well plate format, ACh (25 mM) and ACh plus PNU-120596 (10 mM) were sequentially applied to HEK cells in wells that had been individually co-transfected with a7 plus one of 3,880 clones from a cDNA library encoding almost all human transmembrane and secreted proteins (Origene). The single library clone that most profoundly augmented ACh + PNU-120596-induced responses ( Figure S1A ) derived from TMEM35, also termed unknown factor-1 (TUF-1), which encodes a small (167 amino acid) uncharacterized four-pass transmembrane protein ( Figures S2A and S2B ), whose expression in adrenal zona glomerulosa cells is increased by sodium depletion (Tran et al., 2010) . We named this novel nAChR regulator (NACHO).
To evaluate the effect of NACHO on a7 receptors, we performed electrophysiological experiments. Consistent with published studies (Cooper and Millar, 1997; Williams et al., 2005) , we could not detect ACh-evoked currents in HEK cells transfected with a7 alone. Strikingly, co-transfection of NACHO with a7 yielded large, rapidly desensitizing ACh-evoked currents ( Figures 1A and 1B) . NACHO also significantly increased ACh-evoked currents in HEK cells co-transfected with a4 + b2 nAChR subunits ( Figures  1A and 1B) , which form hetero-pentameric receptors (Gotti and Clementi, 2004) . In contrast, NACHO had no significant effect on glutamate-or 2-methyl-5-HT-evoked currents in cells co-transfected with NACHO and GluA1 or 5-HT 3 A/B receptors, respectively ( Figures 1A and 1B) . Furthermore, NACHO did not affect other ionotropic receptors tested including NMDA receptors, kainate receptors, TrpV1, and TrpM8 ( Figure S1B ).
We asked whether NACHO increases surface expression of nAChR proteins. Therefore, we engineered in extracellular HA-tags that do not interfere with channel function and enable immunofluorescent detection of surface receptors. In HEK cells transfected with such a HA-tagged a7 construct alone, no labeling was detected following incubation of unpermeabilized cells with an anti-HA antibody ( Figures 1C and 1D) . Remarkably, cotransfection of NACHO yielded strong surface labeling for a7 ( Figures 1C and 1D ). We next evaluated the effect of NACHO on surface expression of HA-tagged a4b2, GluA1, and 5-HT 3 A/ B proteins. Consistent with our electrophysiological data, NACHO markedly increased a4b2 surface protein levels and had no effect on GluA1 or 5-HT 3 A/B ( Figures 1C and 1D) .
NACHO is distantly related to only one human gene, ZMYM6NB, which also encodes a small, multi-pass transmembrane protein. We found that ZMYM6NB does not enhance the functional expression of a7 in co-transfected HEK cells (Figures S3A and S3B) . A single potential ortholog of NACHO is present in the genomes of all vertebrates and some lower organisms. The NACHO homolog in Drosophila melanogaster (DNACHO) shares just 37% identity with human NACHO, yet it fully augments both functional and surface expression of co-transfected human a7 ( Figures 1B and 1D ).
NACHO Promotes Assembly of a7 nAChR and Works Synergistically with Ric-3
We compared functional effects of NACHO with Ric-3, which is essential for nAChR responses in C. elegans (Nguyen et al., 1995) but whose mammalian homolog has mixed effects on a7, a4b2, and 5-HT 3 receptors (Halevi et al., 2003; Millar, 2008) . In transfected cell lines, mammalian Ric-3 only modestly enhances a7 activity (Kuryatov et al., 2013) . Endogenous Ric-3 is absent from hippocampal dentate gyrus neurons that are enriched in a7 (Halevi et al., 2003) . Recent studies showed that complete knockdown of Ric-3 does not diminish a7 function in rat pituitary cells (Koperniak et al., 2013) demonstrating that endogenous Ric-3 is not essential. In whole-cell recordings from a7 co-transfected HEK cells, NACHO induces much larger ACh-evoked currents than does Ric-3 (Figures 2A and 2B ). Interestingly, when both NACHO and Ric-3 are co-transfected, they synergistically increase ACh-evoked currents from a7 receptors, suggesting that they work through distinct mechanisms (Figures 2A and 2B) .
Assembly of a7 receptors can be quantified with a-bungarotoxin (a-Bgt), a snake venom component, which only binds to properly-folded a7 receptors (Couturier et al., 1990; Schoepfer et al., 1990 ). We used a-Bgt and a7 surface labeling, to compare effects of NACHO and Ric-3 on folding and trafficking of cotransfected a7-HA. In HEK cells transfected with a7-HA alone, neither surface a7 protein (purple) nor fluorescent a-Bgt binding before (red) or after (green) cell permeabilization could be detected ( Figure 2C ). In cells co-transfected with Ric-3 and a7-HA, a-Bgt binding and surface a7 labeling are also below our detection limits ( Figure 2C ). In striking contrast, co-transfection of a7-HA with NACHO yields abundant a-Bgt binding and a7 protein expression on the surface of unpermeabilized cells ( Figure 2C ). Following permeabilization of these a7 + NACHO co-transfectants, additional a-Bgt binding occurs ( Figure 2C ), which indicates the presence of folded intracellular a7 receptors that are not apparent without permeabilization ( Figure 2C 0 ). Cotransfection of NACHO and Ric-3 together with a7-HA further increases both surface a-Bgt binding and surface a7 protein levels and has no further effect on intracellular a-Bgt binding sites (Figure 2C) . Immunofluorescent labeling for a7 following permeabilization shows that total a7 levels are similar in all transfection conditions ( Figure 2C , cyan).
NACHO Is a Neuronal ER-Resident Protein that Enhances a7
Biogenesis NACHO mRNA is uniquely enriched in brain (GTEx Project [Consortium, 2015] ) and is discretely expressed in specific regions including hippocampus, cerebral cortex, and olfactory bulb (Figure S4A) . Immunoblotting of rat hippocampal membranes or NACHO-transfected HEK cells with a NACHO antibody detects a protein band migrating at 18 kDa ( Figure S4B ), consistent with the predicted size of NACHO protein. This band is not present in rat liver or untransfected HEK cells. Importantly, this band is present ( Figure S4B ) in two neuroendocrine cell lines (PC12 and GH4C1) that can functionally express transfected a7 (Cooper and Millar, 1997; Koperniak et al., 2013) . Immunofluorescent labeling of cultured hippocampal cells shows that NACHO occurs in neurons (identified with MAP2) and is not present in astrocytes (identified with GFAP) ( Figure 3A) . Higher-power magnification shows that NACHO co-localizes with an ER-resident protein disulfide isomerase (PDI) ( Figure 3B ). This ER localization of NACHO may be mediated through its extreme C-terminal tail ( Figure S2A ), which contains a canonical recognition sequence (KxKxx) that typically binds to b'-COP subunits for Golgi-to-ER retrieval (Jackson et al., 2012) . Surface biotinylation on cultured hippocampal neurons did not detect NACHO protein on the surface of neurons ( Figure 3C ), consistent with NACHO being an intracellular (ER) protein.
In a7-transfected HEK cells with or without Ric-3, all a7 protein is sensitive to Endo H glycosidase ( Figure 3D ), indicating that a7 in these cells does not progress properly from ER through Golgi. By contrast, co-transfection with NACHO generates an Endo H-resistant population of a7 ( Figure 3D ), implying that NACHO enables a7 maturation. Ric-3 further enhances the effect of NACHO on a7 maturation ( Figure 3D ). Whereas NACHO promotes a7 assembly and biogenesis, we found that NACHO does not alter the desensitization or deactivation kinetics of either a7 (Figures S5A and S5B ) or a4b2 ( Figures S5D and  S5E ). We also investigated recovery from desensitization, which evaluates response to ACh at increasing intervals following a desensitizing pulse of ACh. Again, NACHO does not affect recovery from desensitization for either a7 ( Figure S5C ) or a4b2 ( Figure S5F ). Furthermore, we performed immunoprecipitation experiments to assess whether NACHO and a7 tightly interact in hippocampal tissue. Because no available antibodies are suitable for western blotting of a7 in rodent brain (Moser et al., 2007) Figure 3E ). Conversely, a7 immunoprecipitation does not bring down NACHO protein. These results show that NACHO and a7 do not form a stable complex. Taken together, these data indicate that NACHO is not a surface-expressed a7 auxiliary subunit but rather is a neuronal, ER-localized chaperone for a7.
Alpha7 Receptor Function in Brain Requires NACHO
To evaluate functions for neuronal NACHO, we first identified an shRNA construct that effectively suppresses NACHO expression in hippocampal neurons ( Figure 4B , purple). We quantified a7-mediated sustained currents in hippocampal neurons by applying ACh (1 mM) in the presence of PNU-120596 (1 mM), an a7 potentiator, that blocks the receptor desensitization. Remarkably, our shRNA-mediated knockdown of NACHO abolished the a7-mediated currents ( Figure 4A ). For a4b2, we quantified currents evoked by ACh (1 mM) that are sensitive to 10 mM dihydro-b-erythroidine (DhbE). We found that NACHO knockdown significantly decreases but does not eliminate these a4b2-mediated currents ( Figure S6D ), which fits our data in HEK cells that NACHO augments a4b2 currents ( Figure 1B) . These effects were specific as NACHO knockdown did not affect AMPA receptor-mediated currents ( Figure 4A ). Transfection of hippocampal neurons with an HA-tagged a7 yields abundant cell surface a7 and surface a-Bgt binding sites ( Figure 4B, red) . By contrast, HA-tagged a7 in neurons lacking NACHO are not present on the cell surface and do not form a-Bgt binding sites ( Figure 4B) . . Following permeabilization, cells were labeled with Bgt-488 (green) to identify folded intracellular a7 and finally with anti-a7 (cyan) to quantify total receptor expression. (C 0 ) As control, cells transfected with a7 + NACHO + Ric-3 were processed without permeabilization, which confirmed lack of labeling for Bgt-488 (green) after Bgt-555 (red).
We derived NACHO knockout mice (TMEM35 tm1(KOMP)Vlcg ) from the trans-NIH knockout mouse project (KOMP) repository (UC Davis). These knockout mice are viable, and they entirely lack NACHO protein and mRNA in brain ( Figures S6A and  S6B ), whereas a7 mRNA is unaffected ( Figure S6B ). Electrophysiological recordings from acutely isolated hippocampal neurons showed complete absence of a7-mediated currents in NACHO knockouts. This deficit is specific, as AMPA receptors remain intact ( Figure 4C ). Furthermore, [ 125 I]a-Bgt autoradiography shows that properly folded a7 receptors are undetectable in NACHO knockout brain ( Figures 4D and S6C) .
DISCUSSION
This study identifies NACHO as an essential factor for folding, maturation, and membrane insertion of a7. Our high-throughput screen of all predicted human transmembrane proteins indicates that NACHO has, by far, the greatest capacity to enhance assembly and function of a7. We find that the Drosophila NACHO ortholog effectively reconstitutes human a7 folding and function, which implies that the NACHO mechanism is phylogenetically conserved. Most importantly, genetic deletion of NACHO abolishes functional a7 receptors throughout the brain. Whereas NACHO is required for a7 channel activity in brain, our heterologous cell and neuronal transfection experiments show that NACHO does not alter total a7 protein levels. The disposition of a7 protein in NACHO knockout mice is unknown because, unfortunately, no antibodies are suitable for immunostaining or immunoblotting of a7 in mouse brain (Moser et al., 2007) . However, the complete loss of [ 125 I]a-Bgt binding sites in NACHO knockout brain demonstrates absence of folded a7 pentamers. Cell biological properties distinguish NACHO from previously described neurotransmitter receptor partner proteins. Certain glutamate-gated ion channels, including AMPA and kainate receptors, also require neuronal accessory proteins (Jackson and Nicoll, 2011; Tomita and Castillo, 2012) . Best studied are transmembrane AMPA receptor regulatory proteins (TARPs), which, by analogy to NACHO, enhance surface trafficking of AMPA receptors (Jackson and Nicoll, 2011; Tomita and Castillo, 2012) . However, TARPs are not essential for AMPA receptor folding or tetramer assembly. Instead, TARPs are auxiliary subunits of AMPA receptors and associate with surface channels to control gating and pharmacology (Jackson and Nicoll, 2011; Tomita and Castillo, 2012) . By contrast, NACHO is fundamentally required for folding and assembly of a7 receptors and is the first essential, client-specific chaperone identified for a mammalian neurotransmitter receptor.
The neuronal nAChR family comprises nine a and three b subunits, and all receptors other than a7-10 contain heteromeric subunits (Gotti and Clementi, 2004; Le Novè re et al., 2002) . Certain biologically important AChR subtypes, including a6b2-containing receptors, cannot be functionally expressed in recombinant systems (Kuryatov et al., 2000) . We also find that NACHO and Ric-3 are insufficient to promote functional expression of a6b2-containing nAChR (data not shown), which suggests that additional subtype-specific chaperones likely exist for these nAChR subtypes. Furthermore, selective chaperones may well mediate assembly of other neurotransmitter receptors.
Neurotransmitter receptor auxiliary subunits and regulatory proteins have mostly been discovered by genetic screens (Nguyen et al., 1995; Zheng et al., 2004) and biochemical techniques (Jackson and Nicoll, 2011; Tomita and Castillo, 2012) . Whereas these approaches have been applied to nAChRs, they did not identify NACHO. Our discovery of NACHO took advantage of a high-throughput screening strategy enabled by the recent availability of genome-wide cDNA libraries. Our new approach complements existing strategies and should help identify assembly proteins and auxiliary subunits for numerous other receptors and ion channels. Genetic, biochemical, and pharmacological studies validate a7 as a therapeutic target for treating Alzheimer's disease and schizophrenia (Dineley et al., 2015; Freedman, 2014; Gotti and Clementi, 2004) . Challenges in reliably reconstituting functional a7 in cells lines have impeded pharmacological studies. Coexpression of NACHO with a7 solves this issue and will facilitate drug discovery. The chaperone function of NACHO may also represent a valuable drug target. Nicotine itself promotes maturation of several types of nAChRs (Schwartz and Kellar, 1983) , and this likely contributes to nicotine's inadvertent beneficial effects in certain cognitive and neurodegenerative conditions (Lester et al., 2009) . Enhancing NACHO effects on nAChR assembly could provide a medical target devoid of nicotine's addictive and toxic properties.
EXPERIMENTAL PROCEDURES FLIPR Assay for Ca 2+ Influx in HEK Cells
High-throughput FLIPR assays were performed using HEK cells in 384-well plates. Briefly, cells were seeded at 1 3 10 4 cells per well and transfected 4 hr after seeding with Fugene HD. After 2 days of incubation, cells were washed three times with assay buffer (137 mM NaCl, 4 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 5 mM glucose, 10 mM HEPES [pH7.4]) and loaded with Calcium5 dye (Molecular Device) and 1.25 mM probenecid for 1 hr at RT. After three washes, the plates were placed in the FLIPR stage. After establishing baseline, 25 mM acetylcholine was applied for a 1.5 min recording, then 25 mM acetylcholine plus 10 mM PNU120596 were applied for another 2.5 min recording.
a-Bgt and Immunofluorescent Staining
For surface staining, cells were incubated with 1 mg/ml a-Bgt or primary antibodies in culture medium for 30 min at 37 C. Cells were then washed and fixed with 4% paraformaldehyde. As indicated, cells were permeabilized with 0.3% Triton X-100 and incubated with antibodies or a-Bgt to probe intracellular components. Following incubation with secondary antibodies, cells were stained with DAPI for 5 min. Images were captured using a Zeiss M2 Imager or Zeiss LSM 700 confocal microscope. Electrophysiology Forty-eight hours post-transfection, transfected cells were transferred to the recording chamber submerged in extracellular solution composed of 137 mM NaCl, 10 mM HEPES, 5 mM glucose, 4 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 (pH 7.4), and 300 mM mOsm. For cultured neurons, synaptic activity was blocked with TTX (0.5 mM), NBQX (10 mM; except when measuring whole-cell AMPA currents), and d-APV (50 mM). Whole-cell recordings used intracellular solution composed of 140 mM potassium gluconate, 10 mM HEPES, 4 mM Mg-ATP, 0.4 mM Na-GTP, and 0.6 mM EGTA (pH 7.3). Ultrafast acetylcholine was applied onto HEK cells using a piezo-driven perfusion system and theta glass (Siskiyou). Fast perfusion onto neurons used a Perfusion Fast-Step System (Warner Instruments).
Acute hippocampal neurons were obtained from 7-week-old male mice. Horizontal slices, 300 mm thick, were obtained using a VT1200S microtome (Leica Biosystems). Slices were cut in ice-cold solution composed of 150 mM sucrose, 50 mM NaCl, 25 mM NaHCO 3 , 10 mM glucose, 7 mM MgSO 4 , 2.5 mM KCl, 1.25 mM Na 3 PO 4 , and 0.5 mM CaCl 2 equilibrated with 95% O 2 and 5% CO 2 . Hippocampi were isolated and transferred to HibernateA (no calcium, BrainBits) solution containing 1 mg/ml papain (Worthington) and 0.5 mM Glutamax (Life Technologies) and digested at 37 C for 30 min. Slices were gently triturated with fire-polished Pasteur pipettes. The cell suspension was then plated onto coverslips and isolated neurons were used for whole-cell patch-clamp recordings. All dissociated cell recordings were done at room temperature and membrane potentials were held at À60 mV. Recordings used an AxoPatch 200B amplifier (Axon Instruments). For transfected HEK cells, signals were filtered at 10 kHz and digitized at 50 kHz. For neurons, signals were filtered at 2 kHz and digitized at 10 kHz. Data acquisition and online analysis were done using pClamp 9 (Axon Instruments). For recovery from desensitization, an initial desensitizing pulse of ACh was followed by a second pulse of ACh at varying time intervals. At each time interval, recovery from desensitization was expressed as the fraction of the current peak amplitude of the second pulse to the first pulse. Current decay kinetics and recovery from desensitization were fitted with double exponential functions and expressed as weighted decay time constants. 
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